The LH/hCG receptor, a member of the G protein coupled receptor family mediates the cellular actions of LH in the ovary. A considerable amount of information regarding its structure, mechanism of activation, and regulation of expression has emerged in recent years. Here we provide a brief overview of the current information on the structural organization of the receptor and the mechanism of receptor mediated signaling as well as an in-depth discussion on recent developments pertaining to the regulation of receptor expression. Specifically, we describe studies from our laboratory showing that the posttranscriptional regulation of the receptor involves an LH/hCG receptor mRNA-binding protein. We also propose a model to explain the loss of steady-state LH/hCG receptor mRNA levels during receptor down-regulation.
INTRODUCTION
Studies on ovarian LH receptor were initiated approximately 30 yr ago, soon after techniques were developed to tag radioactive iodine onto the tyrosine residues of hCG, which, along with LH, comprise the two ligands that bind the LH/hCG receptor with high affinity. Early studies utilizing superovulated ovaries from rat and cow corpus luteum established the basic characteristics of the LH/hCG receptor with respect to its expression in target tissues, high binding affinity for ligand, limited binding capacity, binding specificity for LH or hCG, localization in the plasma membrane, inducibility by other proteins and hormones, and the ability to mediate the production of cyclic AMP in target cells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The phenomena of transient loss of second-messenger production (desensitization) and loss of cell surface receptors (down-regulation) in response to pharmacological doses of the ligand were also described using various paradigms [8] . Attempts to purify the receptor from 1 Supported by National Institutes of Health Grant HD 06656. superovulated rat and porcine ovaries by different laboratories led to its isolation, amino terminal analysis, and subsequent cloning [9] . The cloning of the LH/hCG receptor permitted in-depth studies on its function, regulation, and structure/function relationships. Because a more exhaustive review has appeared recently on the last aspect of the LH/ hCG receptor [11] , we will provide only a general overview of the structural aspect and present a more comprehensive discussion on intriguing developments related to the regulation of receptor expression.
LH/hCG Receptor Structure
The LH/hCG receptor was initially cloned from rat [10] and porcine ovaries [9] . Since then, partial or complete sequences have been cloned from a number of sources, including human [12, 13; reviewed in 14, 15] . The rat LH/ hCG receptor cDNA indicates that the receptor has 674 amino acid residues. The amino acid sequence suggests topological identity of the receptor to other G protein coupled receptors (GPCRs) belonging to the rhodopsin/␤ 2 -adrenergic receptor-like family A of GPCRs. The predicted topology of the receptor indicates an extracellular domain of 340 amino acid residues, seven transmembrane spanning ␣-helices, intracellular and extracellular loops interconnecting the helices, and a short intracellular carboxyl terminal domain [9, 10] . The sequence of the human LH/hCG receptor is very similar to the rat receptor and consists of 675 amino acids and shares with the rat receptor approximately 90% amino acid identity in the predicted extracellular domain, about 92% identity in the transmembrane domain, and about 70% identity in the intracellular tail [11] .
The LH/hCG receptor is palmitoylated on two cysteine residues in the C-terminal tail [16, 17] . Receptor palmitoylation is believed to provide two anchoring sites for the cytosolic tail onto the plasma membrane [18] . Although abrogation of the palmitoylation sites does not reduce the ability of the receptor to bind ligand or mediate activation of adenylate cyclase or inositol phosphate breakdown [17, 19] , the absence of palmitoylation increases the hCG-induced internalization of the receptor [17] . Interestingly, the constitutively active LH/hCG receptor (D556G) does not undergo palmitoylation to the same degree as the wild-type receptor [20] . Taken together with the fact that constitutively active receptors have a tendency to undergo more rapid internalization [21] , it is reasonable to speculate that the wild-type receptor, after binding hormone, might un-dergo depalmitoylation to facilitate its internalization. Interestingly, studies on a number of GPCRs have shown dynamic regulation of receptor palmitoylation state by ligand binding (for review see [22] ). Additional studies will be needed to determine whether the LH/hCG receptor undergoes such a phenomenon.
The intracellular tail portion of the rat receptor has been shown to undergo hCG-induced phosphorylation on four serine residues carboxy-terminal to the palmitoylation sites [23] . The role of phosphorylation in receptor function is controversial [11] . Although Wang et al. [24] have shown that hCG-induced rat LH/hCG receptor phosphorylation regulates receptor desensitization, studies by Lamm and Hunzicker-Dunn [25] have shown that hCG-induced phosphorylation of the porcine LH/hCG receptor is not required for agonist-induced desensitization.
LH/hCG Receptor Activation
GPCRs are believed to be stabilized by an extensive interhelical hydrogen-bonding network that renders the receptor incapable of activating cognate G protein. The transformation of the receptor to a state at which it can activate cognate G protein is promoted by disruption of these interactions (for review see [26] ). For example, a naturally occurring substitution of a single aspartic acid residue with glycine in the sixth transmembrane (TM) helix of the LH/ hCG receptor results in constitutive activation, presumably through a disruption of a hydrogen bond between position 556 and 593 in TM helix 7 [27] [28] [29] [30] . A number of other point mutations have also been reported to produce constitutive activation of the LH/hCG receptor (for review see [31] ). Additional laboratory-induced mutations have been characterized that are also believed to disrupt interactions between polar side chains of the TM helices [30, 32] . These studies in conjunction with LH/hCG receptor modeling suggest that TM helices 3, 6, and 7 play important roles in the receptor activation process [30] . Our laboratory has recently reported that the conserved serine residue 431 in the third TM domain is important for stabilization of the hCGinduced active state of the receptor [33] . A rhodopsin-based homology model of the LH/hCG receptor TM helices in conjunction with studies from other laboratories suggested that S431 might form a hydrogen-bonding interaction with N593 in TM7 to stabilize the hCG-induced active state. A recent study by Angelova et al. [30] involving mutagenesis and homology modeling of the LH/hCG receptor has given new insight into the possible active state conformations of constitutively active LH/hCG receptor mutants in the absence of hormone. Thus, homology based modeling of the TM helices coupled with mutational studies continues to provide insight into the possible structures of the inactive and active states of the LH/hCG receptor as well as the mechanism of receptor activation [34] .
LH/hCG Receptor Signaling
The primary targets of LH are the follicles and corpus luteum in the ovary and the Leydig cells of the testis. Interestingly, expression of LH/hCG receptor mRNA has also been documented in neuronal tissue, breast cancer cell lines, and thyroid and adrenocortical cells as well as in a variety of other male and female accessory reproductive tissues [35] . LH/hCG receptor expressed in target tissues is known to respond to a physiological concentration of LH or an equivalent concentration of hCG by mediating an increase in the intracellular concentration of cyclic AMP [36] . At superphysiological concentrations, LH/hCG has been shown to stimulate phospholipase C, leading to inositol phosphate breakdown and the consequent production of inositol trisphosphate (IP 3 ) and diacylglycerol (DAG) [37, 38] . IP 3 is a stimulator of calcium mobilization [39] , whereas DAG is a potent stimulator of protein kinase C [40] . Although the physiological role of LH/hCG-promoted cAMP production is well documented, the physiological state in which signaling through the phosphoinositide cascade is functional is not well understood [11] . The LH/hCG receptor has also been shown to mediate activation of the mitogen-activated protein kinase (MAPK) [41, 42] and Janus kinase-signaling pathways [43] . It has been suggested that LH-promoted MAPK stimulation may result in the desensitization of LH-stimulated steroidogenesis in granulosa cells [44] .
LH/hCG Receptor Genomic Organization and mRNA Transcripts
The rat LH/hCG receptor gene contains more than 70 kb and consists of 11 exons. All but the carboxyl terminal 47 amino acid residues of the extracellular domain are encoded by exons 1-10, whereas exon 11 encodes for the remainder of the receptor [45] . Four rat LH/hCG receptor transcripts of 6.7, 4.4, 2.6, and 1.8 kb in length have been identified in ovarian tissue [10] . Studies conducted in our laboratory have shown that the 6.7-kb transcript is the most abundant form found in rat ovary and is an extension of the 4.4-kb transcript in the 3Ј untranslated region [46] . In fact, all four transcripts appear to be derived from the same cDNA. We found that all four transcripts are coordinately regulated in the rat ovary. Additionally, we identified cis-acting elements in the 3Ј untranslated region that confer LH/hCG receptor mRNA instability and consequently may regulate receptor mRNA expression under different physiological conditions [47, 48] .
Regulation of LH/hCG Receptor Expression
The orderly progression of FSH and LH release plays a crucial role in follicle maturation and ovulation as well as in the formation and maintenance of the corpus luteum. LH/ hCG receptors appear in the later stages of follicular development, thereby suggesting that FSH has a permissive role in the action of LH. In fact, early studies showed that large antral porcine follicles had higher levels of LH/hCG receptor than small and medium-sized follicles. Later studies revealed that pretreatment of immature rats with FSH caused a dramatic increase in the ability of granulosa cells to bind LH or hCG [5] . The expression of LH/hCG receptor increases as the follicles mature to become graafian follicles. The preovulatory surge of LH causes a transient desensitization of LH response and down-regulation of LH/ hCG receptor expression. As the corpus luteum develops, the LH/hCG receptor reappears and the functional response is reinstated. In corpus luteum derived from hormonally induced superovulated rat ovary, receptor expression increases and reaches maximal levels by Day 5-8 post hCG injection. The receptor expression then shows a decline coincident with the regression of the corpus luteum [49] [50] [51] [52] .
As mentioned above, following the preovulatory surge, the ovary responds with a transient loss of responsiveness to LH. This is achieved by temporarily uncoupling the receptor from G s and, as a consequence, inhibiting the ability of the receptor to mediate cyclic AMP production. This process is referred to as desensitization and provides a tem-
Northern blot hydridization analysis of steady-state levels of LH/ hCG receptor mRNA during hCG induced LH/hCG receptor down-regulation. Total RNA was isolated from the ovaries of saline-injected or hCGinjected pseudopregnant rats. Sixty micrograms of RNA was loaded onto each lane. Northern blot analysis was performed using radiolabeled cDNA corresponding to the LH/hCG receptor carboxy terminus and a portion of the 3Ј untranslated region (nucleotides 1936-2682) (modified from Kash and Menon [61] , Fig. 1A ; with permission from J Biol Chem).
porary reprieve for the cell to reset the metabolic machinery to respond to the next wave of hormonal stimulation. LH/hCG cell surface receptor also undergoes down-regulation to prevent the ovary from repeated stimulation. One factor that might contribute to this phenomenon is endocytosis of the receptor following hormone binding and the subsequent targeting of the hormone-receptor complex to the lysosomes [11] . Our laboratory identified and extensively characterized a mechanism occurring at the LH/hCG receptor mRNA level that contributes to the down-regulation of the LH/hCG receptor. Specifically, we found that all four LH/hCG receptor mRNA transcripts show a dramatic decline in response to a pharmacological dose of hCG [49] [50] [51] [52] [53] (Fig. 1) . This finding was unexpected because it would be predicted that down-regulation is a consequence of increased receptor endocytosis from the cell surface rather than a change in the steady-state levels of receptor mRNA. Interestingly, similar findings were also reported by Segaloff et al. [53] , who showed that hCG or cAMP analog treatment caused the loss of all LH/hCG receptor mRNA transcripts under in vitro conditions. Lapolt et al. [50] reported similar results using ovarian tissues showing that the loss of LH/hCG receptor mRNA occurs following the preovulatory LH surge.
The changes in the steady-state levels of LH/hCG receptor mRNA could result from either a decreased rate of receptor gene transcription and/or an increase in the rate of receptor mRNA degradation. Studies were carried out to distinguish between these two possibilities by measuring the transcription rate. Surprisingly, the results showed that the overall rate of transcription was increased following addition of hormone, probably because of increased cAMP produced in response to initial hCG stimulation. From this we concluded that the loss of steady-state levels of LH/ hCG receptor mRNA in the hCG-induced down-regulated state is not the result of transcriptional arrest but is most likely due to a posttranscriptional mechanism. Further studies using rat luteal cells in a transcription arrested state showed that the decay rate of LH/hCG receptor mRNA in the down-regulated state was markedly increased [49] . Taken together these results clearly showed that the decrease in steady-state mRNA levels was due to increased degradation of the receptor mRNA as opposed to a decreased rate of transcription [49] .
Our findings are in agreement with other studies showing that the steady-state levels of protein expression can be regulated at the posttranscriptional level by increasing the rate of mRNA degradation [54] . For example, the expression of mRNAs for c-fos, c-myc, and the ␤ 2 adrenergic receptor is controlled, at least partially, at the level of mRNA degradation [55] [56] [57] [58] . There are several other examples in which mRNA expression is regulated at the posttranscriptional level. In the majority of these cases, the change in the stability of a particular mRNA appears to result from the binding of specific proteins to defined sequences and/or structures in the target mRNA. The protein recognition sites are located in different regions of the mRNAs in different systems. For example, the ferritin mRNA sequence recognized by a stability altering RNA-binding protein is located in the 5Ј untranslated region. In contrast, the recognition sites have been documented to be in the coding region for ␤-tubulin and in the 3Ј untranslated region for the ␤ 2 adrenergic receptor and granulocyte-macrophage-colony-stimulating factor (GM-CSF). Some mRNAs also contain recognition sites in both the coding region and 3Ј untranslated region, as in the cases of c-fos and c-myc [58] [59] [60] .
LH/hCG Receptor mRNA-Binding Protein: A Potential Trans-Acting Regulator
We undertook a study to determine whether specific mRNA-binding proteins are responsible for regulating the stability of LH/hCG receptor mRNA during down-regulation [61] . To answer this question, we developed an RNA electrophoretic gel mobility shift assay (REMSA). This assay involves radiolabeling LH/hCG receptor mRNA with [␣-32 P]UTP followed by incubation with a 100 000 ϫ g supernatant (S100) fraction of an ovarian homogenate prepared from hCG-induced down-regulated ovaries. The RNA/protein complexes resulting from the incubation were separated from unbound RNA and proteins by electrophoresis on native acrylamide gels followed by detection of the complexes through autoradiography. The S100 fractions from pseudopregnant rats incubated with the radioactive mRNA resulted in the formation of a ribonucleoprotein (RNP) complex approximately 50 kDa in size. The intensity of the RNP complex in the down-regulated group was greater than in the control group. The formation of the RNP complex was tissue specific because nontarget tissues did not show complex formation [61] . We designated the protein component of the complex as the LH/hCG receptor mRNA-binding protein (LRBP).
The relationship between the steady-state levels of LH/ hCG receptor mRNA expression and RNA-binding activity of LRBP was tested under conditions that represent different physiological states in the ovary [62] . When eCGprimed rats were treated with hCG to mimic the preovulatory LH surge, the expression of LH/hCG receptor mRNA transcripts showed a decline, whereas RNA-binding activity of LRBP increased (Fig. 2) . The reciprocal relationship between LH/hCG receptor mRNA expression and LRBP activity was also seen during the lifespan of the corpus luteum [62] . Additionally, when LH/hCG receptor mRNA expression is down-regulated in response to chronic elevation of cAMP, the LH/hCG receptor mRNA-binding activity of LRBP was found to increase [63] .
We partially purified this protein from the S100 fraction by standard protein purification procedures that involved ammonium sulfate precipitation followed by cation ex-
LH/hCG receptor mRNA expression and LRBP-binding activity during eCG (label shows '' PMSG '') and hCG induced down-regulation of LH/hCG receptor expression. Twenty-one-day-old rats were injected with eCG at 0 h and ovaries were collected immediately or 56 h post injection. The hCG was administered 56 h post eCG injection and ovaries were collected at 6, 12, 24, 48, and 72 h thereafter. REMSA was performed for all time points using 50 g of protein isolated from ovarian S100 extracts and radiolabeled LH/hCG receptor (LHR) mRNA (C). LH/ hCG receptor mRNA levels were obtained by Northern blot analysis (A). The 6.7-kb LH/hCG receptor mRNA transcript and REMSA bands were quantitated by densitometry (D). The Northern blot was normalized using 18S rRNA (B) (modified from Nair et al. [62] , Fig. 5 ; with permission from J Biol Chem). change chromatography. The partially purified protein was used to determine the region of the LH/hCG receptor mRNA that interacts with LRBP by incubating the protein preparation with truncated LH/hCG receptor mRNA followed by hydroxyl radical footprinting of the resultant complex [64] . The contact site was found to be located between nucleotides 203 and 220 of the receptor open reading frame and comprised of a bipartite polypyrimidine sequence (5Ј-UCUC-X7-UCUCCCU-3Ј). REMSA competition studies showed that homopolymers of (rC) were effective RNA-binding competitors, whereas poly (rA), poly (rG), or poly (rU) were not. Mutagenesis of cytidine residues within the predicted LRBP-binding site demonstrated that all cytidines in the bipartite sequence contributed to the binding specificity.
The role of LRBP as a regulator of the LH/hCG receptor mRNA expression was determined by measuring the rate of in vitro decay of LH/hCG receptor mRNA incubated in the absence or presence of a partially purified preparation of LRBP [62] . The addition of this protein increased the rate of LH/hCG receptor mRNA decay as compared with the control. This provided direct experimental evidence that LRBP causes accelerated degradation of LH/hCG receptor mRNA. These studies provide compelling evidence that LRBP is a potential trans-acting regulator of LH/hCG receptor mRNA expression. More recently this protein was purified to electrophoretic homogeneity, and its identity was established through N-terminal sequencing and MALDI/ MS analysis. The protein was identified as mevalonate kinase, a member of the galactokinase, homoserine kinase, mevalonate kinase, and phosphomevalonate kinase (GHMP) kinase family of proteins that contains an unusual left-handed ␤-␣-␤ motif named the ribosomal protein S5 domain 2-like fold [65-67 and unpublished results] . A similar fold has been found in elongation factor G, ribonuclease P, and other RNA/DNA-binding proteins [66] . Thus, because of the presence of this structural motif among this family of kinases as well as in some nucleic acid-binding proteins, we suggest that the ␤-␣-␤ loop of mevalonate kinase could be the primary site of interaction with LH/hCG receptor mRNA. Although little is known regarding the role of this family of kinases in the regulation of reproductive function, it is interesting to note that a new member of the GHMP kinase family, XOL-1, has been implicated as a mediator of sexual differentiation in Caenorhabditis elegans [67] . Interestingly, mevalonate kinase is an enzyme that is involved in cholesterol biosynthesis and thus can have an effect on steroidogenesis in the ovary. This suggests the intriguing possibility that mevalonate kinase is a direct link between the regulation of the steroidogenic pathway and control of LH/hCG receptor mRNA expression.
Based on our observations, we present a model (Fig. 3 ) that shows a mechanism of down-regulation of the LH/hCG receptor during the ovarian cycle. Specifically, the preovulatory LH surge or a pharmacological dose of LH or hCG causes an increase in cellular cAMP levels and steroidogenesis. The cell then pauses in its responsiveness by transiently shutting off a number of metabolic processes that are required for increased steroidogenesis. One essential mechanism through which the cell achieves this regulation is by down-regulation of the LH/hCG receptor through a posttranscriptional mechanism. LRBP participates in this process by binding LH/hCG receptor mRNA and targeting it to degradative machinery consisting of exo-and/or endonucleases. There are a number of questions that remain unanswered with respect to our model. Among these are: 1) does LRBP needs to be activated by a posttranslational modification such as phosphorylation to bind LH/hCG receptor mRNA? and 2) what is the precise mechanism through which LRBP accelerates degradation of LH/hCG receptor mRNA? Further studies are clearly needed to address these important questions.
